Group-III nitride based semiconductor heterostructures have been the subject of intense research for the past two decades due to their potential for high-power/high-temperature devices for GHz and THz frequency applications. Wurtzite AlGaN/GaN heterostructures are particularly interesting due to their large spontaneous and piezoelectric polarization which leads to the formation of a two-dimensional electron gas (2DEG) with high sheet charge carrier density at the interface of the unstrained GaN layer and the tensile strained AlGaN layer. 1 The design and optimization of such high electron mobility transistor (HEMT) device structures require accurate knowledge of the charge carrier channel parameters mobility, sheet density, and effective mass. However, the determination of the 2DEG properties at room temperature or temperatures equivalent to temperatures at which the device will be operated is still challenging. Experimental information about the charge carrier properties obtained at upper GHz frequencies and room temperature is highly relevant. A convenient optical method to determine the 2DEG properties as a function the temperature is described here.
The temperature dependence of the sheet density and mobility of the 2DEG can be determined by electrical measurements over a wide temperature range from mK up to room temperature (see, for instance, Refs. 2 and 3, and references therein). The effective mass, however, is typically determined using cyclotron resonance (CR) or magnetotransport (Shubnikov-de Haas oscillations, SdH) measurement techniques which require very high mobilities and are therefore commonly carried out at low temperatures. Studies reporting the effective mass at higher temperatures using alternate measurement techniques are scarce. 4 In contrast to the effective mass in bulk and epitaxial wurtzite GaN, for which the effective electron mass at the C-point of the conduction band has been established to be 0:20 m 0 , 5 the 2DEG effective mass found at low temperatures in AlGaN/GaN structures scatters considerably. 2 The effective mass values reported in the literature for different AlGaN/GaN structures at temperatures below 10 K range from 0.19 to 0:25 m 0 (see Refs. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . This variation in the experimentally determined effective mass parameter is not surprising and very likely caused by variation in the band structure, intrinsic effects of piezoelectric and spontaneous polarization at the interface, or alloy disorder for instance. 2 These properties largely depend on the growth conditions used to deposit the various AlGaN/GaN heterostructures investigated in the past. Kurakin et al.
2 studied the effects of sheet carrier density, conduction band nonparabolicity, polaron formation, magnetic field, and electron wave function hybridization on the 2DEG effective mass parameter of a set of samples where the wave function penetration into the AlGaN barrier was reduced by an AlN interlayer between AlGaN and GaN. It was found that the wave function penetration into the AlGaN barrier results in an increase of the effective mass. The effect of wave function hybridization furthermore dominates the conduction band nonparabolicity effect and is likely the leading cause for the observed deviation of the 2DEG effective mass from the GaN values.
It is reasonable to expect that an increase in temperature will result in an increase in the wave function penetration into the AlGaN. 2 However, a systematic study of the temperature dependence of the effective mass over a wide temperature range is still lacking, although the effective mass parameter determines the limit of mobility and peak drift velocity, which are crucial for device performance. Here, we study the temperature-dependence of the 2DEG free-charge carrier channel parameters in a AlGaN/GaN HEMT structure using THz optical Hall-effect (THz-OHE) measurements in the range from 1.5 to 300 K. The THz-OHE, which comprises generalized spectroscopic ellipsometry measurements in combination with external magnetic fields at THz frequencies, has been demonstrated to be an excellent tool for non-contact characterization of free-charge carrier properties in semiconductor heterostructures. 4, [6] [7] [8] [9] Additional room temperature mid-infrared spectroscopic ellipsometry experiments are used in order to determine layer thickness, phonon-mode, and free-charge carrier parameters of the HEMT structure constituents. Complementary Eddy current (EC) measurements were performed at room temperature.
The investigated sample was grown by metal-organic chemical vapor deposition (MOCVD) on a semi-insulating 4H-SiC substrate. A hot-wall MOCVD reactor and a temperature of 1050 C were used. 3, 10 The sample consists of a nominally 100 nm thick AlN nucleation layer followed by a 1800 nm thick GaN buffer and a 20 nm thick Al 0:25 Ga 0:75 N electron barrier layer. No spacer was introduced between GaN buffer and Al 0:25 Ga 0:75 N barrier layer.
For the THz-OHE and mid-infrared (MIR) investigations, the generalized ellipsometry formalism is employed and all optical data are represented using the Mueller matrix M which connects the Stokes vector of the incident and the reflected electromagnetic wave S in and S out , respectively, where S out ¼ MS in . 11 A custom-built frequency-domain THz ellipsometer was used for the THz-OHE measurements in the spectral range from 0.22 to 0.32 THz with a resolution of 1 GHz. 12 The magnetic field and temperature control was provided by a closed-cycle superconducting magnet (Oxford Instruments Plc) with optical ports. 13, 14 The THz-OHE measurements were carried out at an angle of incidence U a ¼ 45 . The magnetic field was set to B ¼ À3 T and þ3 T with a field direction parallel to the direction of the reflected THz probe beam. THz-OHE data were recorded for sample temperatures ranging between 1.5 K and 300 K. The room temperature mid-infrared spectroscopic ellipsometry (MIR-SE) measurements have been carried out using a commercial Fourier transform-based MIR ellipsometer (J.A. Woollam Co., Inc.) in the spectral range from 10 to 35 THz (333 to 1170 cm À1 ) with a resolution of 30 GHz (1 cm À1 ) and U a ¼ 50 and 70 . For the analysis of the experimental data, stratified layer model calculations using parameterized model dielectric functions were employed. 15 By varying relevant physical model parameters, the calculated data were matched simultaneously to the experimental MIR-SE and THz-OHE data sets (best-model).
The sample constituent's dielectric functions in the THz and MIR spectral range consist of contributions from optically active phonon modes e L ðxÞ and free-charge carrier excitations e FC ðxÞ. The dielectric functions of the nitride layers (wurtzite-structure) and the SiC substrate (hexagonal structure) are optically anisotropic (uniaxial). Functions e L j ðxÞ are parameterized with Lorentzian lineshapes which account for transverse optic (TO) and longitudinal optic (LO) phonon frequencies, x TO;j and x LO;j , respectively, for polarization j ¼ "k," "?" to the crystal c-axis. 16 e FC ðxÞ is parameterized using the classical Drude formalism. 17 If magnetic fields are present, the free-charge carrier Drude contribution is described by a tensor which gives access to the screened plasma frequency tensor x p , the cyclotron frequency tensor x c , and broadening c p . 8, 17 x p , x c , and c p allow for the unambiguous determination of the free charge carrier density, their effective mass, and mobility including their anisotropy.
A model consisting of SiC substrate/AlN nucleation layer/GaN buffer layer/GaN HEMT channel/AlGaN layer was used for the best-model calculations. Figure 1 Fabry-P erot oscillations produced by interference of the MIRprobe beam in the entire sample structure can be observed. The best-model phonon resonance frequency and broadening parameters for the 4 H-SiC substrate, which have been obtained from the MIR-SE measurements shown in Fig. 1 The THz-OHE spectra (differences of the Mueller matrix elements measured at B ¼ 3 T and À3 T) are presented in Fig. 2 . We find a good agreement between experimental (dotted lines) and best-model calculated (solid lines) data. The DM 32 (DM 31 ) spectra show a pronounced minimum (maximum) at approx. 0.28 THz, which is produced by a Fabry-P erot interference in the sample as seen in the MIR range in Fig. 1 . DM 32 and DM 31 are proportional to percentage of cross-polarization emerging from the sample under linear polarized light illumination at the given frequency. 8, 16 The THz-OHE data shown in Fig. 2 are dominated by the contribution of the free-charge carriers within the high electron mobility 2DEG. No free-charge carriers were found in the remaining sample constituents upon best-model analysis. The spectral location of Fabry-P erot interference structures in Figs. 1 and 2 is determined by the layer thicknesses of all sample constituents, dominated by the thickness of the substrate ð354 6 1Þ lm. The layer thickness values obtained for the AlN nucleation layer (108 6 1) nm and the GaN layer (1767 6 1) nm obtained from the MIR-SE analysis are in good agreement with the nominal growth values. The nominal value for the AlGaN layer thickness was used and not further varied.
The optical response of the GaN HEMT channel was implemented using Eq. (2) of Ref. 6 , which is a function of free-charge carrier density N, mobility l, and effective mass m Ã . m Ã is given in units of the electron mass m 0 . The sheet charge density parameter for the channel N s is obtained from N. Note that the model thickness parameter of the 2DEG sheet layer cancels out mathematically within the ellipsometric equations since the thickness parameter is much smaller than the wavelength and therefore irrelevant for data analysis. Figure 3 shows the best-model values for the mobility l (left panel) and effective mass m Ã (right panel) of the 2DEG as a function of the sample temperature. With decreasing temperature, the well known strong increase of l can be observed which is limited at low temperatures by the scattering contribution of remote impurities and interface roughness. 22, 23 At temperatures above 100 K, l is limited by polar-optical phonon scattering. 22, 23 The sheet charge density N s is found to be constant within the error limits at a value of N s ¼ ð5 6 1Þ Â 10 12 cm À2 for all temperatures and which corroborates earlier observations reported in the literature. 24 The room temperature density N s and mobility l ¼ ð1711 6 150Þ cm 2 25 Good agreement between highfrequency sheet density and carrier mobility parameters and low frequency transport results has been observed earlier and was interpreted within linear Boltzmann transport theory by frequency-independent scatter mechanisms within the twodimensional-momentum energy distribution function of the 2DEG in AlGaN/GaN heterostructures. 4 For the effective mass, a strong increase is observed with increasing temperature (Fig. 3, right panel) in good agreement with low temperature SdH and CR measurement results. 2, 26 The effective mass obtained at room temperature is m Ã ¼ ð0:36 6 0:03Þ m 0 , which is considerably higher than the low temperature effective mass in AlGaN/ GaN HEMTs. This increase may be explained by a decreasing spatial confinement of the 2DEG with increasing temperature which leads to an increased hybridization of the envelope wave functions of the 2DEG in the conduction band of the AlGaN/GaN structure. 2 This effect can be reduced considerably if an AlN interlayer is present between the AlGaN and the GaN layer. For such a sample structure, an effective mass of 0:23m 0 was found at room temperature. 4 The sheet density, AlGaN composition, and thickness of the sample constituents were very similar to that reported here.
In summary, the temperature dependence of 2DEG mobility, sheet density, and effective mass parameters in a AlGaN/GaN HEMT structure is determined at THz frequencies and compared with room temperature EC measurement results. Both parameter sets are in good agreement, indicative for frequency-independent carrier scattering mechanisms within the 2DEG energy distribution function. The 2DEG sheet density has been found to be independent of the sample temperature, the mobility, and effective mass, however, strongly depend on the sample temperature. The mobility shows a strong increase with decreasing temperature largely due to the reduction of LO phonon scattering. The effective mass exhibits the opposite behavior which is explained by the reduction of the 2DEG confinement, i.e., the wave function penetration of the AlGaN with increasing temperature.
